Carbon microrods were grown from ethylene using laser-assisted chemical vapor deposition. The precursor pressure and laser power were varied. The internal structure of the carbon rods was characterized by Raman spectroscopy at 514.5 nm using an Ar ϩ laser. The rods were cast in epoxy resin and polished in order to allow a radial analysis of the cross section. Each spectrum has been analyzed by noting the peak positions and width changes. Intensities of the G and D peaks were compared between spectra and allowed the determination of the crystal size as a function of radius. An analysis of the spectra gave insight in the bonding conditions as well as the growth mechanism of the rods as a function of the experimental parameters.
I. INTRODUCTION
From thin films to microcoils, laser-assisted chemical vapor deposition ͑LCVD͒ has been used to fabricate a wide range of products. [1] [2] [3] Its main advantage lies in its versatility since a wide variety of precursor gases can be used without many modifications to the deposition system but also in its ability to produce high growth rates compared to other chemical vapor deposition processes. It is also a free form technique that allows the direct generation of two-or threedimensional structures without further patterning.
The use of LCVD to deposit cylindrical carbon rods from methane and ethane was reported in 1972 by Nelson and Richardson. 4 Leyendecker and Bäuerle 5 then improved the process by using an Ar ϩ laser and additional gases, such as ethylene and acetylene. It became clear that the strong temperature gradient induced at the tip of the rod influenced the shape and structure of the deposits. Indeed, the normal growth rate is maximized at the center of the tip and decreases as we go further from this point. 6 This creates radially different growth conditions. On the basis of observations of the surface of the rods and of polished longitudinal sections with an electronic microscope, it was then suggested that the rods were made of pyrolitic graphite with a columnar layer structure. 6 Investigation of LCVD-drawn carbon lines by Raman spectroscopy showed that the surface of the carbon lines ͑covered by nodules from homogeneous nucleation͒ consisted of glassy carbon and the interior of ordered pyrolitic graphite. 3 A recent investigation of a longitudinally polished carbon rod showed that these conclusions were also valid for the carbon rods. 7 Pyrolitic carbon is known as a highly stable material, both thermally and mechanically. It is also a suitable material for biocompatible devices due to its chemical and physical surface characteristics. Possible uses of LCVD-grown carbon microstrucures could be the construction of a carbon fiber preform or a densely packed mesh out of graphite rods, and the use of fibers in various microelectromechanical system devices. 2, 8 However, in order to use the deposits in engineering applications, their composition and properties must be completely known and the various aspects of the process must be controlled in order to obtain the desired properties.
The objective of this project was to determine how laser power ͑related to temperature͒ and pressure ͑related to growth rate͒ affected the microstructure of the deposits. Carbon has been chosen because its precursor gases are readily available and easy to handle. Also, it has been chosen to study carbon microrods since it is the simplest structure to grow and manipulate. To analyze the microstructure, Raman spectroscopy has been used as it is very sensitive to subtle variations in the structure of carbon-based materials.
II. EXPERIMENT A. Rod growth
A variety of cylindrical carbon microrods were deposited from ethylene at different pressures and laser powers using an LCVD system. The growth parameters can be found in Table I . A schematic of the system is shown in Fig. 1 .
A closed cold-walled stainless-steel reactor equipped with two quartz windows was utilized. tached to a three-axis Burleigh 6000 high-resolution ͑0.1 m͒ linear micropositioning system ͑EXFO Burleigh Products Group, Victor, NY͒ controlled via a computer and a LABVIEW program ͑National Instruments, Austin, TX͒. A vitreous carbon plate placed perpendicularly to the laser beam was used as a substrate.
The stage axes moved the substrate so as to keep the laser focal point at the tip of the rods during growth. Also, a Sony ͑Japan͒ charge coupled device camera attached to a stereomicroscope was used to provide a real time monitoring and recording of the process. The light source used was a Coherent ͑Santa Clara, CA͒ model Innova 90 continuouswave argon-ion laser operated at 514.5 nm and in the fundamental transverse electromagnetic mode (TEM 00 ). The beam was focused to a spot size of 88 m ͑measured using the knife-edge technique͒ with the use of an achromat having a 80 mm focal distance. The gas handling system consisted of mass flow meters and a flow controller. The diameter of the rods was determined using an optical microscope ͑Ϯ2 m͒. The growth rate was measured using a stopwatch and a calibrated grid on the video screen.
B. Sample preparation
The carbon rods were carefully removed from the reactor and cast in epoxy resin ͑Epofix from Struers ͑Ballerup, DK͒, slow-curing cold mounting transparent epoxy͒. Once embedded in epoxy, the rods were polished to show their cross section. The polishing was done with silicon carbide papers. The epoxy casts were then cleaned with ethanol, placed in a ultrasonic bath, and dried with a nitrogen jet. Since carbon is a very brittle material, the surface left after polishing is probably very little modified and to a very shallow depth. Studies of damaged graphite surfaces have been done by Vidano and Fishbach. 9 According to Ref. 9, the size of the graphite crystals is greatly diminished upon polishing and that is indicated by the growth of large D peak where it was absent before. This is clearly not what has been observed during our experiments as highly crystalline regions have been found in our samples. Additionally, a spectrum of a surface that was polished and oxidized to remove the damaged layer is found in Ref. 9 . This spectrum shows that the removal of the damaged layers leaves the spectrum only lightly affected. This corresponds to the results we have observed. We can thus conclude that the polished surface of the carbon rods that was characterized by Raman spectroscopy has not been damaged extensively by the sample preparation and that the results obtained are meaningful, despite the possible alteration of the surface by polishing.
C. Raman spectroscopy
A Renishaw ͑Renishaw Group, New Mills, UK͒ 2000 micro-Raman spectrometer with a 50ϫ objective lens and an argon-ion laser ͑ϭ514.5 nm͒ was used to take all the spectra used for this project ͑spatial resolutionϭ2 m and spectral resolutionϭ2 cm Ϫ1 ͒. Starting at the outer edge of the rods and moving toward the center, spectra were taken at every 5 m until the whole diameter of the cross section was covered. Analysis and peak fitting of the spectra were done with the GRAMS/32 program ͑Thermo Galactic, Salem, NH͒. The spectra were fitted with the following peaks using a mix of Gaussian and Lorentzian functions:
, and varius overtones and combinations in the second-order spectra. The center of the plots, defined as rϭ0, was placed where the highest graphitization was recorded, usually in the center of the cross section. All the spectra-related curves presented in the following sections were fitted with a sixth-order polynomial. The curves are shown to help determine the trends in the graphs.
III. INTERPRETATION OF THE RAMAN SPECTRA
As was shown in previous work, 7 spectrum of graphite and polycrystalline graphite is now well documented. [9] [10] [11] [12] [13] [14] [15] [16] [17] The changes expected to happen in the Raman spectra as the grain size of graphite increases from nanocrystalline to single crystal are:
͑1͒ The I D /I G ratio will decrease following the TuinstraKoenig equation:
where I(D) and I(G) are the D and G peak intensities, L a is the crystal basal plane length, and C is a function of the laser wavelength. R will approximately go from 2 to 0; ͑2͒ The G peak will be downshifted from 1600 to 1580 cm Ϫ1 ; ͑3͒ The width of the G peak will decrease; and ͑4͒ The width of the GЈ peak will decrease. A minimum width will be attained after which the width will increase again until we can resolve two peaks.
Heat treatment increases the graphitization level of a graphite sample. This change of microstructure follows a certain trend that can be observed in the Raman spectrum, the so called ''graphitization trajectory''. 16, 17 According to Lespade et al., 16 the graphitization trajectory can be divided into two phases. In the first phase, two-dimensional order is established with the growth of the hexagonal crystalline domains in the graphitic plane. Changes in the Raman spectrum during this phase are best seen in the evolution of the G peak frequency and its width. In the second phase, threedimensional order will be established as the distance between the graphitic planes is reduced to the single crystal value ͑3.354 Å͒. The G peak position and width are almost constant in this second phase of the graphitization process and it will be the width of the GЈ peak that indicates the evolution toward higher graphitization. Indeed, after having attained a minimum during the first phase, the width of the GЈ peak will start to increase again. If a sufficient threedimensional order level is reached, one will be able to resolve the two components of this peak. During the two phases of graphitization, the I D /I G ratio will decrease but the changes will be hard to measure during the second phase.
IV. RESULTS AND DISCUSSION

A. General observations
First of all, the carbon rods can be separated into at least two radial regions, the core region, and the edge region ͑see Fig. 2͒ . Figure 2͑a͒ shows the two regions and Fig. 2͑d͒ shows the interface between them. In Figs. 2͑b͒ and 2͑c͒, a well crystallized core region, and a nanocrystalline edge region arranged in a layered structure can be seen. Some of the samples still remained quite rough on a microscale at the surface even after polishing. This causes a higher noise level in the Raman spectra as there is interference coming from the reflections at different angles on the surface.
Spectra taken at different positions on a rod can be found in Fig. 3 . On the spectrum taken almost in the center of the core region (rϭ1 m), it can be seen that the peaks are very sharp and that the G peak dominates the spectrum. On the spectrum taken in the edge region (rϭ46 m), the peaks are wider and the D peak is more intense than the G peak.
The spectra taken on the outer surface or skin of the rod are all very similar, the G peak position stays between 1590 and 1600 cm Ϫ1 , the GЈ peak and other second-order features are not well defined and the R ratio ͓I(D)/I(G)͔ is between 0.6 and 1.0. According to Ferrari et al., 17 if L a decreases below ϳ20 Å, the graphitic clusters will decrease in numbers, become distorted, and eventually open up. This marks a change of regime from nanocrystalline graphite to amorphous carbon where an increase in the R ratio means an increase in ordering. Thus, the results of the surface spectra indicate that there is a layer of amorphous or glassy carbon on the surface. The skin can be seen using a high-resolution scanning electron microscope ͑SEM͒ ͑Fig. 4͒. Nodules accreted after homogeneous nucleation in the ambient gas can also be distinguished on this picture. 
B. Rod diameter and growth rates
From Table I , it is seen that the growth rate increases as expected with laser power and pressure. According to experimental results and theoretical calculations previously published on LCVD of carbon rods, 5, 6, 18, 19 the growth rate increases with laser power and pressure. On the other hand, the diameter only increases with laser power and is independent of pressure. If we look at Table I ͑experimental parameters͒, we can see that there are differences in the trend of growth rate and diameter for the 1.25 W sample ͑laser power varied part of the experiment͒ and for the 1004 mbar sample ͑pres-sure varied part of the experiment͒. The growth rate and diameter of both samples should have been higher. For both samples, these results are probably due to a slight loss of the laser focus during growth because of the difficulty of maintaining the focal point exactly at the tip when the growth rate is high. The power density in the reaction zone and the graphitization level were thus lower than it should have been. However, the effect of those variations are not dramatic as both samples are less graphitized than the previous sample, as they should be for such experimental parameters. If we had had ideal growth conditions, the graphitization level of the 1.25 W sample should have been slightly closer to the graphitization level of the 0.75 W sample. The graphitization level of the 1004 mbar sample has not been diminished as much compared to the preceding samples in this set of samples as it was the effect of the pressure that was studied and not the laser power. For this sample, a loss of focus was less consequential. Hence, it is believed that the 1.25 W sample and the 1004 mbar sample should not be removed from the results. Indeed, the main objective of this article is to show trends found while the experimental parameters were varied and even though the growth of these sample were less controlled then the others, they fall into the trend. Also, by giving a fifth curve to observe on the charts, the trend is easier to observe. Conversely, no quantitative data will be reported for these samples.
C. Expected results
With increasing laser power ͑or increasing temperature of growth͒, the deposit is predicted to be more graphitized, i.e., larger crystals will be found in the whole core region. This also means that the core of the rods will be more graphitized than the edge because of the Gaussian intensity profile of the laser beam used (TEM 00 ). 7 The other influential factor on the graphitization level of the sample is the growth rate. As the growth rate is increased, the residence time of the focal point at a specific area of the rod is reduced, hence the time for grain growth is reduced. Thus, the final grain size will be larger if the growth rate is slow since a specific part of the rod can fully crystallize before it gets too far from the focal point of the laser. If the reaction stays kinetically controlled as it has during the growth of all the samples, the growth rate increases with increasing laser power and increasing pressure. Thus, when the laser power is increased, two phenomena are in opposition and an increase of the graphitization level followed by a decrease may be observed.
D. Variable power, constant pressure
The plot of the G peak frequency versus the radius shows us what is expected ͑see Fig. 5͒ . The frequency is lowered from above 1590 cm Ϫ1 in the edge region to a frequency close to the highly oriented pyrolytic graphite peak position in the core region at around 1581 cm Ϫ1 except for the 0.2 W rod. This has been observed by Lespade 16 and Chieu.
20 According to Fig. 5 , the most graphitized samples would be grown at 0.5 and 0.75 W and the least graphitized would be at 0.2 W and 1.25 W. The growth rate effect, which hinders crystallization, has thus started to affect the rods at a power between 0.5 and 0.75 W. The fact that the rod grown at 0.2 W does not reach a G peak position lower than 1582 cm Ϫ1 means that the microstructure of the rod changes a lot between 0.2 and 0.5 W.
Expected results are also found when the G peak widths are plotted in Fig. 6 . The width decreases from above 55 cm Ϫ1 in the edge region ͑average value of 66 cm Ϫ1 ͒ to 45 cm Ϫ1 in the core region for the least graphitized samples and 25 cm Ϫ1 for the more graphitized samples. While the widths attained for the core region are higher by 10 cm Ϫ1 than those previously published for similar G peak frequencies, 16, 20 the trends are expected. This difference in width can be explained by the type of peak fitting done. A combination of Lorentzian and Gaussian functions was used as opposed to a fit using only Lorentzian functions. This can affect the fitted peak form, especially if we have two peaks overlapping as is the case in this region. However, although the width difference is very small, the minimum G width is found for the 0.75 W curve instead of for the 0.5 W curve as one would expect from the results of Fig. 5 . Therefore, according to Fig. 6 , the sample grown 0.75 W would have the highest graphitization level, closely followed by the sample grown at 0.5 W. This change in the graphitization trend could be attributed to peak fitting-induced variations in the peak statistics. The samples at 0.2 and 1.25 W still have the lowest graphitization.
The GЈ peak position is the same for all samples ͑ϳ2706 cm Ϫ1 ͒ in the core region except for 0.2 and 0.3 W ͑see Fig.  7͒ . This means that the samples studied are in a state corresponding to the end of the first phase of graphitization or the very start of the second phase. There are no indications that a graphitization level allowing the appearance of the GЈ doublet has been reached. According to these curves, all of the samples have reached the same three-dimensional ordering level.
The GЈ width ͑plotted in Fig. 8͒ is higher for 0.2 and 0.3 W and is relatively the same for the other laser powers ͑around 50 cm Ϫ1 ͒. The minimum widths reached for higher powers compared adequately with Lespade's results 16 but are two times higher than those reported by Chieu 20 who used a 488 nm laser to take his spectra. Again, there are no signs of the onset of three-dimensional ordering which would be an increase in width in the center of the core region after the minimum width is reached.
One of the most revealing parameters in a carbon Raman spectrum is the I D /I G ratio or R ratio, plotted in Fig. 9 . The ratio changes from 0.05 to 0.55 in the core region and from 1.46 to 1.75 in the edge. The lowest R values in the core region match the values usually obtained for highly ordered graphites. 12 The I D /I G ratio graph in Fig. 9 closely resembles that of the G position: and decrease in the ratio from edge to center is observed and the same power-related trend is found. According to this graph in Fig. 9 , there is an increase in graphitization from 0.2 to 0.5 W and a decrease from 0.5 to 1.25 W. The growth rate starts to affect the graphitization level after 0.5 W.
The crystal domain size in the basal plane (L a ) plotted in Fig. 10 is related to the R ratio by Eq. ͑1͒. The crystal size varies from 80 to 850 Å in the center of the core region and from 25 to 30 Å in the edge region. There are clearly two different regions in the samples: An edge region where the crystal size is low and constant and a region where the crystal size increases as we get closer to the center of the rod ͓as can be seen in the SEM micrograph, Fig. 2͑a͔͒ . L a in the constant region is approximately the same for all laser powers ͑around 30 Å͒. Also, the fact that all our samples have approximately the same R ratio in the edge region could be explained by the laser-induced temperature gradient. Assuming that the heat distibution is Gaussian type, the edge region would then be a part of the rod that is in the very edge of the Gaussian and similar for all laser powers. This region receives heat by conduction on an axis perpendicular to the growth axis.
The center L a increases with laser power until it reaches a maximum ͑between 0.5 and 0.75 W͒ after which it decreases because of the increasing growth rate. Unfortunately, there is not enough data to accurately determine the laser power needed for the maximum crystal size. This value would also depend on the pressure as with lower pressure, the growth rate is lower. It has been noted throughout the analysis that some curves were asymmetrical. This is unexpected since the laser beam should have a symmetrical power distribution. This may be due to convection effects in the gas changing the heat distribution in certain parts of the rods. The rods grown at 0.3 and 0.5 W seem to be the most affected by this problem.
E. Variable pressure, constant power
Pressure changes do not affect the G peak which is centered at 1582 cm Ϫ1 having a width of 27 cm Ϫ1 in the core region. The GЈ peak shows similar results than when the laser power was varied ͑see Figs. 11 and 12͒. In Figs. 11 and  12 , the 1004 mbar sample is less graphitized than the other samples grown at lower pressures as it does not reach the same GЈ peak position ͑between 2706 and 2707 cm Ϫ1 ͒ and width in the center. Another important trend from Fig. 12 is that for all samples, except the 1004 mbar sample, there is an increase of GЈ width in the center of the core region after a minimum has been reached between 45 and 50 cm effect has been observed by Lespade et al. 16 and shows that these samples have entered the second phase of graphitization in which three-dimensional ordering of the graphite crystal domains starts to appear. The growth temperature was high enough and the growth rate low enough to induce this level of graphitization.
As expected, the I D /I G ratio decreases as we go from edge to center ͑see Fig. 13͒ . It varies from 0.04 to 0.17 in the core region and from 0.98 to 1.5 in the edge. This difference in the R ratio further confirms our hypothesis that the Gaussian temperature gradient induced by the laser determines the microstructure of the rods. We can see on this chart in Fig.  13 that the R ratio increases with increasing pressure. The crystal size, plotted in Fig. 14 , increases from edge to center. It is relatively constant in the edge region ͑around 50 Å͒ and increases dramatically when the core region is reached ͑from 258 to 1125 Å͒. It is observed that the crystal domain size decreases with increasing pressure. It confirms that a higher growth rate hinders graphitization. This also explains why only small changes in the G peak were observed when the ethylene pressure was increased as most rods were already past the first phase of graphitization.
V. CONCLUSION
In this investigation, laser-grown carbon fibers have been analyzed with respect to their microstructure using micro-Raman spectroscopy. The average position of the G peak has been measured to be 1593 cm Ϫ1 at the edge of the fibers and 1581 cm Ϫ1 in the center. The intensity of the two main peaks of the graphite spectra ͑G and D͒ has been measured along the cross section ͑average values of 1.5 at the edge and 0.14 in the center͒. This allowed the determination of the crystal size ͑average value of 30 Å in the edge region and from 80 to 1125 Å in the core region͒. It has been determined that there is three-dimensional ordering in the core region of the most graphitized fibers. Also, with increasing pressure, a decrease of the graphitization level and crystal size has been observed. Furthermore, it has been determined that an increase of laser power augments graphitization and crystal size until the growth rate compensates and the graphitization level starts to decrease. For atmospheric pressures, the graphitization turning point appears to be between 0.5 and 0.75 W with our deposition system. In future work, it would be interesting to find the parameters at which the laser-induced temperature gradient and growth rate effects are in equilibrium to give us the highest graphitization level. 
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